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FOREWORD 
T h i s  r e p o r t  d i scusses  t h e  s t u d i e s  c a r r i e d  ou t  dur ing  
t h e  pe r iod  o f  1 J u l y  t o  1 December 1966 on NASA Research 
Grant NGR-33-010-024 t i t l e d  "Radar  S t u d i e s  of t h e  Lunar 
Sur face ,  Emphasizing Fac to r s  Related t o  S e l e c t i o n  of  
Landing S i t e s . "  i~The p r o j e c t s  t o  be c a r r i e d  ou t  under t h i s  
g r a n t  are  a mapping of  t h e  l u n a r  s u r f a c e  a t  430 Mc/s 
( A  = 70 cm) and measurement of  t h e  radar c r o s s  s e c t i o n  
o f  t h e  moon a t  40  Mc/s ( A  = 7.5 m),' u s i n g  t h e  f a c i l i t i e s  
a t  t h e  Arecibo Ionospheric  Observatory (A.  I. 0. ). 
* /  
The 
major p o r t i o n  of t h i s  r e p o r t  deals w i t h  t h e  mapping o f  
t h e  r e f l e c t i v i t y  o f  t h e  l u n a r  su r face .  
S e c t i o n  I d i s c u s s e s  t h e  t e c h n i c a l  a s p e c t s  of  t h e  
mapping s t u d i e s  based on measurements made  a t  A . I . O .  i n  
1964. 
s t u d y  and t h e  p rogres s  made t o  date. Sec t ion  I11 
S e c t i o n  I1 d i scusses  t h e  t ime schedul ing  f o r  t h i s  
d i s c u s s e s  t h e  p l a n s  f o r  completing t h e  s tudy.  
;)e 
The Arecibo Ionospher ic  Observatory i s  ope ra t ed  by 
C o r n e l l  U n i v e r s i t y  w i t h  t h e  suppor t  of t h e  Advanced 
Hesearch P r o j e c t s  Agency under a r e s e a r c h  c o n t r a c t  
w i t h  t h e  A i r  Force Off ice  of S c i e n t i f i c  Research. 
iii 
. 
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I. RADAR MAPPING OF THE LUNAR SURFACE 
AT 430 Mc/s AT A . I . O .  
Earth-based radars w i t h  h igh  ga in  and h igh  t r a n s m i t t e r  
power c a p a b i l i t i e s  provide an impor tan t  t o o l  f o r  
i n v e s t i g a t i n g  t h e  l u n a r  su r face .  The ex tens ion  of  t h e  
r e s u l t s  of i n  s i t u  obse rva t ions ,  which a r e  n e c e s s a r i l y  -- 
l i m i t e d  both  i n  number and a r e a ,  t o  t h e  e n t i r e  v i s i b l e  
l u n a r  s u r f a c e  i s  t h e  primary o b j e c t i v e  of t h e  program a t  
A. I. 0. The p r e s e n t  program can c o n t r i b u t e  v a l u a b l e  
informat ion  f o r  t h i s  e x t r a p o l a t i o n  by measuring t h e  
degree o f  un i fo rmi ty  of  radar s c a t t e r i n g  from t h e  l u n a r  
su r face .  
An immedia t e  probaem i s  t h a t  of i n v e s t i g a t i n g  t h o s e  
p r o p e r t i e s  o f  t h e  l u n a r  s u r f a c e  which would be dangerous f o r  
t h e  l and ing  of space v e h i c l e s .  The p r e s e n t  program 
p rov ides  v a l u a b l e  informat ion  on t h i s  problem by 
determining t h e  r e l a t i v e  roughness of areas on t h e  moon. 
S ince  t h e  p o l a r i z a t i o n  of radar b a c k s c a t t e r i n g  i s  
s e n s i t i v e  t o  t h e  roughness a t  t h e  s c a l e  o f  t h e  o p e r a t i n g  
wavelength, t h e  p r e s e n t  s tudy  emphasizes t h e  i n v e s t i g a t i o n  
of t h i s  p r o p e r t y  of  r ada r  r e t u r n s  from t h e  l u n a r  su r face .  
The p o t e n t i a l i t i e s  of  mapping t h e  radar r e f l e c t i v i t y  
of  t h e  l u n a r  s u r f a c e  w i t h  t h e  430 Mc/s radar a t  A . I . O .  
was c l e a r l y  demonstrated i n  1964, when s e v e r a l  r eg ions  
1 
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of  t h e  moon were mapped (Thompson, 1965; Thompson and 
Dyce, 1966). A preview of p o s s i b l e  f i n d i n g s  i n  t h e  work 
under way and an a p p r e c i a t i o n  of t h e  procedures  t o  be 
followed can be obta ined  by a review of t h e  1964 measurements. 
A. Review of  1964 Measurements 
The r e l a t i o n  between radar echoes and t h e i r  
r e f l e c t i n g  a r e a  on t h e  lunar  s u r f a c e  i s  shown i n  F igure  1. 
The sampling i n  d e l a y  e s t a b l i s h e s  t h e  echo on an annulus ,  
D, c o n c e n t r i c  w i t h  t h e  l i n e  p a s s i n g  through t h e  radar 
and t h e  c e n t e r  of t h e  moon. 
e s t a b l i s h e s  t h e  echo on a semi-annulus, F, p a r a l l e l  t o  
t h e  p l a n e  c o n t a i n i n g  t h e  apparent  a x i s  of r o t a t i o n  and 
t h e  l i n e  j o i n i n g  t h e  radar and c e n t e r  of t h e  moon. A 
s imultaneous sampling i n  de l ay  and frequency obta ined  by 
s p e c t r a l  a n a l y s i s  of t h e  de l ay  samples e s t a b l i s h e s  t h e  
echo a t  t h e  i n t e r s e c t i o n s  of  t h e s e  two a n n u l i .  S ince  
two i n t e r s e c t i o n s  e x i s t ,  however, a n  ambigui ty  a r i s e s .  
T h i s  ambigui ty  i s  resolved a t  A. I. 0. by i l l u m i n a t i n g  
one i n t e r s e c t i o n  w i t h  t h e  main beam o f  t h e  antenna, which 
has  a beam w i d t h  of 10' at  430 Mc/s. T h i s  i s  approximately 
one - th i rd  t h e  angu la r  w i d t h  of  t h e  moon. 
A sampling i n  f requency 
A radar map of  t h e  lunar  s u r f a c e  i s  cons t ruc t ed  by 
p l o t t i n g  echo s t r e n g t h s  over cor responding  r e f l e c t i n g  
a r e a s .  The t r ans fo rma t ion  of  d e l a y  and frequency t o  
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se lenographic  p o s i t i o n  r e q u i r e s  on ly  t h e  se lenographic  
eo -o rd ina te s  of  t h e  radar ( t h e  subradar  p o i n t )  and 
t h e i r  r a t e s  of change. 
The mapped radar echoes a r e  given as a normalized 
r e f l e c t i v i t y ;  t h a t  i s ,  t h e  r a t i o  of t h e  observed power 
t o  t h e  power predicted,assuming homogeneous s c a t t e r i n g .  
A change i n  t h i s  r a t i o  w i t h  r e s p e c t  t o  t h e  r a t i o s  of a 
surrounding a r e a  i s  a d e f i n i t e  i n d i c a t i o n  o f  l o c a l  
change i n  l u n a r  s u r f a c e  c h a r a c t e r i s t i c s .  The p r e d i c t e d  
power accounts  f o r  v a r i a t i o n s  i n  de l ay  as p r e d i c t e d  by 
a mean s c a t t e r i n g  l a w ,  v a r i a t i o n s  i n  f requency as 
p r e d i c t e d  by t h e  s c a t t e r i n g  a r e a  a s s o c i a t e d  with t h e  
i n t e r s e c t i o n ,  of  de l ay  and frequency a n n u l i ,  and t h e  
v a r i a t i o n  i n  power r e s u l t i n g  from t h e  antenna g a i n  
p a t t e r n .  The a r e a  t h a t  can be mapped i s  r e s t r i c t e d  t o  
t h a t  i l l u m i n a t e d  by t h e  main beam, where t h e  ambigui ty  
can be reso lved .  
Examples of  radar maps compiled i n  1964 a r e  shown 
i n  F igu res  2 and 3. The background g r i d  shows contours  
of c o n s t a n t  d e l a y  and frequency spaced a t  i n t e r v a l s  
cor responding  t o  t h e  measurements, w i t h  normalized power 
g iven  a t  each i n t e r s e c t i o n  of t h e  g r i d .  Contours of  
c on s t an t p owe r enc l o  s e t he  app r op r i a t  e i n  t e r s e c t i on s . 
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The power at each intersection is independent of that of 
adjacent intersections, and the resolution of the 
measurement is the separation of adjacent contours in 
the grid (i.e., 37 and 38 km in Figure 2; 25 and 35 km 
in Figure 3). 
The 1964 results can be suMari’zed a9 fallows: 
1. Rayed craters, such as crater Copernicus in 
Figure 2 and crater Aristillus in Figure 3, always had 
a higher reflectivity than their surroundings and often 
showed a halo of moderate enhancement extending outside 
the crater rims. 
2. Young, nonrayed craters, such as crater 
Eratosthenes in Figure 2 and craters Autolycus and 
Theaetetus in Figure 3 showed reflectivity enhancements 
over their environs. These enhancements varied from 
moderate to as strong as the enhancements observed for 
the rayed craters. 
3. In several instances mountain ranges, such as 
the Caucasus Mountains in Figure 3, showed moderate 
enhancements over the surrounding maria. 
Also, there were indications that the highlands 
reflected about twice as much power as the maria. 
Observations of power versus delay were carried out 
for several equally spaced beam positions with constant 
7 
disp lacements  of t h e  antenna beam from t h e  c e n t e r  of  
t h e  d i s k .  Typ ica l  r e s u l t s  f o r  t h e s e  obse rva t ions  a r e  
shown i n  F igu re  4. 
The e x i s t e n c e  of  l o c a l i z e d  d i f f e r e n c e s  i n  t h e  
l u n a r  s u r f a c e  i s  c l e a r l y  demonstrated i n  t h e  radar 
r e s u l t s  p re sen ted  i n  F igures  2, 3 ,  and 4 ,  b u t  it i s  
a l s o  impor tan t  t o  determine t h e  f a c t o r s  r e s p o n s i b l e  
f o r  these d i f f e r e n c e s .  T h i s  can be done by radar 
measurements i n  oppos i t e  p o l a r i z a t i o n s .  (One of  t h e  
r ece ived  p o l a r i z a t i o n s  i s  t h a t  which would be expected 
f o r  normal inc idence  on a smooth r e f l e c t i n g  s u r f a c e ,  
t h e  "expected" or "po la r i zed"  component; t h e  oppos i t e  
p o l a r i z a t i o n  i s  t h e  "depolar ized" component. ) Such a 
measurement i s  shown by the  radar maps of  t h e  c r a t e r  
Werner i n  F igu re  4. The radar echo from t h i s  c r a t e r  and 
its env i rons  i s  shown i n  t h e  p o l a r i z e d  component on t h e  
r i g h t  (F igu re  5-b) and i n  t h e  depo la r i zed  component on 
t h e  l e f t  (F igu re  5-a). A d e p o l a r i z a t i o n  of t h e  echo i s  
ev iden t  f o r  bo th  t h e  i n t e r i o r  and immediate v i c i n i t y  
of t h e  c r a t e r ,  where t h e  enhancement i n  t h e  depolar ized  
component i s  h ighe r  t han  t h e  enhancement i n  t h e  
p o l a r i z e d  component. The t h e o r i e s  of  s c a t t e r i n g  from 
smooth and rough s u r f a c e s  lead t o  t h e  conclus ion  t h a t  
8 
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FIGURE 4 .  Power ve r sus  Delay f o r  Maria ( a )  and Highland ( b )  
w i t h  Antenna Beam Displaced Equal Dis tances  from Center  o f  
Disk. (The mean of 8 e q u a l l y  spaced beam p o s i t i o n  i s  given 
by  curve denoted 1 1  average. ' I )  
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t h e s e  a reas .mus t  be rougher than  t h e  sur rounding  a r e a ,  
on t h e  s c a l e  of  a meter.  
Another source  of g r e a t e r  b a c k s c a t t e r i n g  can be 
seen  i n  t h e  radar maps of  F igu re  5. Tn t h e  p o l a r i z e d  
component, on ly  a h igh  r e f l e c t i o n  from t h e  r i m  o f  t h e  
c r a t e r  f u r t h e s t  from t h e  radar i s  apparent .  These 
a r e a s  show an  enhancement because t h e y  a r e  t i l t e d  
toward t h e  radar, which would i n c r e a s e  t h e i r  b a c k s c a t t e r i n g .  
Th i s  e f f e c t  i s  g r e a t e r  i n  t h e  p o l a r i z e d  component because 
t h e  s c a t t e r i n g  l a w  has a g r e a t e r  v a r i a t i o n  w i t h  a n g l e  
of inc idence .  F i n a l l y  a h i g h e r ' d l e l e c t r i c  c o n s t a n t ,  
r e s u l t i n g  from e i t h e r  a denser  o r  d 5 f f e r e n t  rnbtexial j  
can r e s u l t  i n  g r e a t e r  b a c k s c a t t e r i n g .  
Sepa ra t ion  of  t h e s e  t h r e e  sou rces  of s c a t t e r i n g  
d i f f e r e n c e s  - rougher  s u r f a c e ,  h i g h e r  d i e l e c t r i c  
cons t an t ,  o r  l o c a l  i n c l i n a t i o n ,  can t h e r e f o r e  be  
obta ined  by c o n s t r u c t i n g  radar maps i n  o p p o s i t e  
p o l a r i z a t i o n s .  A rougher s u r f a c e  w i l l  d e p o l a r i z e  t h e  
echo, y i e l d i n g  h ighe r  enhancements i n  t h e  depo la r i zed  
echo. A l o c a l  i n c r e a s e  of  d i e l e c t r i c  c o n s t a n t  ( i . e . ,  
a l o c a l  i n c r e a s e  of radar a l b e d o )  would p r e s e r v e  t h e  
p o l a r i z a t i o n  r a t i o  and would g i v e  e q u a l  enhancements 
i n  both p o l a r i z a t i o n s .  For enhancements r e s u l t i n g  from 
l o c a l i z e d  areas be ing  t i l t e d  more toward t h e  radar, 
11 
enhancements should be h igher  i n  t h e  p o l a r i z e d  component 
and should occur  only  a t  t h e  rims of c r a t e r .  
Thus, radar mapping i n  oppos i t e  p o l a r i z a t i o n s  
should i n d i c a t e  l o c a l  d i f f e r e n c e s  i n  t h e  l u n a r  
s u r f a c e  and d i f f e r e n t i a t e  q u a l i t a t i v e l y  between 
i n c r e a s e d  roughness,  i n c r e a s e  a lbedo  ( i . e . ,  i n c r e a s e d  
d i e l e c t r i c  c o n s t a n t ) ,  or where a p p l i c a b l e ,  a l o c a l  
dec rease  i n  t i l t  around t h e  radar. 
B. Improvements f o r  t h e  1966-1967 Lunar Mapping 
For t h e  p r e s e n t  program, seveinal improvemehts have 
been made on t h e  1964 study. From t h e  d i s c u s s i o n  of  
t h e  preceding  s e c t i o n ,  one obvious improvement i s  t h e  
extensiolr  o f  t h e  obse rva t ions  t o  two p o l a r i z a t l o l r s .  
It i s  a l s o  important  t o  f i n d  a s u i t a b l e  c a l i b r a t i o n ,  
s o  t h a t  t h e  v a r i a t i o n s  observed between maria and h ighlands ,  
and between maria and mountain ranges can be s t u d i e d  
f u r t h e r .  An a b s o l u t e  c a l i b r a t i o n  of t h e  radar system 
would be v e r y  d i f f i c u l t .  An a l t e r n a t i v e  i s  t o  choose a 
s p e c i f i c  area on t h e  moon and d e f i n e  i t s  r e l a t i v e  
r e f l e c t i v i t y  as u n i t y .  The c o n t r o l  a r e a  chosen i s  a 
f e a t u r e l e s s  r e i o n  of Mare Imbrium. It appears  a t  a 
d e l a y  of 3-4 m s  from t h e  l e a d i n g  edge and w i l l  never  
12 
be nea r  t h e  "wings" of t he  s p e c t r a ,  where mapping i s  
impos s i b  l e .  
The r e s o l u t i o n  i n  de lay  and frequency i s  re'duced by 
a f a c t o r  of  f i v e .  The mbst seirere l i m i t a t i o n  cis ' on  
Che f requency rssoluk,ionJ; which L s  reb&hLBdc t o  t h e  
amount of t ime t h a t  t h e  moon i s  observable .  A f requency 
r e s o l u t i o n  of 0.02 c / s  has been achieved f o r  t h e  1966- 
1967 measurements. 
f o r  an obse rva t ion  o f  an  h o u r ' s  du ra t ion ,  which i n  t u r n  
y i e l d s  a s t a t i s t i c a l  f l u c t u a t i o n  of 1 2  pe rcen t  i n  t h e  
radar r e t u r n .  The one-hour obse rva t ion  i s  well-adapted 
t o  p r e s e n t  ephermeris accu rac i e s  and t o  t h e  mode of 
ope ra t ion  a t  Arecibo. A s imilar  f i v e - f o l d  improvement 
i n  de l ay  r e s o l u t i o n  over 1964 obse rva t ions  r e q u i r e s  
obse rva t ions  a t  20 psec p u l s e  w i d t h s ,  which i s  w e l l  
w i th in  t h e  c a p a b i l i t i e s  of  t h e  430 Mc/s radar. 
T h i s  g ives  7 2  independent s p e c t r a  
These de l ay  and frequency r e s o l u t i o n s  expressed 
as k i lome te r s  on t h e  luna r  s u r f a c e  a r e  shown i n  
F igure  6. 
o f  t h e  l u n a r  s u r f a c e  between independent de lay  samples, 
and i s  =. f u n c t i o ~  s? transmitter p1.1.1~~ l e n g t h  and t h e  
a n g l e  of i nc idence  ( o r  e q u i v a l e n t l y  d e l a y  from t h e  
l e a d i n g  edge) .  
o b t a i n a b l e  with t h e  20 psec p u l s e  l eng th .  S i m i l a r l y ,  
Range r e s o l u t i o n  i s  def ined  as t h e  d i s t a n c e  
Range r e s o l u t i o n s  of 3 - 18 km ( a r e  
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f requency r e s o l u t i o n  i s  taken t o  be d i s t a n c e  on t h e  
l u n a r  s u r f a c e  between independent samples. T h i s  i s  
dependent upon t h e  bandwidth of  p o s t - d e t e c t i o n  s p e c t r a l  
a n a l y s i s ,  t h e  apparent  r o t a t i o n  of  t h e  moon (expressed  
h e r e  i n  t h e  limb-to-limb frequency d i f f e r e n c e  t h a t  
i t  impar t s  t o  t h e  moon), and t h e  displacement of t h e  
frequency annulus  from the  c e n t e r  f requency contour.  
Frequency r e s o l u t i m s  for t h e  0.02 c/s bandwidth f o r  
t y p i c a l  limb-to-limb frequency d i f f e r e n c e s  range from 
5 km t o  10 km,  as shown i n  F igure  6-b. 
I n  summary, improvements i n  t h e  obse rva t ions  
r e a l i z e d  over t h e  1964 measurements a r e :  
1. Simultaneous observa t ions  i n  oppos i t e  
p o l a r i z a t i o n s .  
2. C a l i b r a t i o n  of echo s t r e n g t h  by normalizing t h e  
observed i n t e n s i t i e s  t o  t h a t  of a c o n t r o l  area. 
3. A f i v e - f o l d  improvement i n  t h e  r e s o l u t i o n  of  
t h e  mapping. 
There a r e ,  however, some l i m i t h t i o n s  as t o  t h e  
a r e a s t h a t  can be mapped. The range r e s o l u t i o n  becomes 
n n n r e r  f ~ r  &reas nf t h e  mnnn n e a r  t -he  S i i h r a d a r  Faint 
( i . e . ,  t h e  l e a d i n g  edge o f  t h e  moon as viewed by t h e  
radar). This  i s  ev ident  i n  F igure  6-a i n  t h e  i n c r e a s e  
i n  range r e s o l u t i o n  f o r  smal le r  de lays .  The lowest 
r - -- 
p o s s i b l e  d e l a y  t h a t  can be reasonably  mapped i s  about 
0.5 m s .  A mapping a t  t h i s  de l ay  i s  shown i n  F igure  2, 
where i t  i s  c l e a r  t h a t  r e s o l u t i o n  i n  range i s  be ing  
s a c r i f i c e d .  The l i m i t a t i o n s  i n  f requency are t h a t  t h e  
areas nea r  t h e  l i b r a t i o n  equator  ( t h e  i n t e r s e c t i o n  of 
t h e  l u n a r  s u r f a c e  w i t h  t h e  p l ane  pe rpend icu la r  t o  t h e  
apparent  a x i s  of r o t a t i o n  a t  t h e  c e n t e r  of  t h e  moon), 
cannot  be s t u d i e d  because t h e  an tenna  beam cannot 
s e p a r a t e  t h e  conjugate  r e f l e c t i n g  areas nea r  t h e  
equator .  Roughly speaking, t h e  areas t h a t  can 
be mapped must be more than 500 km from t h e  subradar  
p o i n t  and away from t h e  l i b r a t i o n  equator .  During 
a l u n a t i o n ,  however, t h e r e  i s  a g r e a t  v a r i a t i o n  i n  
t h e  i n c l i n a t i o n  of  t h e  l i b r d t i o n  equator  t o  t h e  
a c t u a l  e q u a t ~ r  a n d  a s m a l l  v a r i a t i o n  ir; t h e  p o s i t i o n  
of  t h c  subradar  p o i n t .  T h i s  makes i t  p o s s j b l e  t o  map 
t h e  e q u a t o r i a l  reg ions  f a r t h e r  than  500 k m  from t h e  
average  subea r th  p o i n t .  
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11. PROGRESS OF PROGRAM 
It i s  c l e a r  from Sec t ion  I t h a t  t h e  430 Mc/s radar 
can produce h igh - re so lu t ion  maps of t h e  radar 
r e f l e c t i v i t y  of  n e a r l y  a l l  of t h e  v i s i b l e  l u n a r  s u r f a c e .  
For a s i n g l e  obse rva t ion ,  t h e  r e s t r i c t i o n s  imposed by 
t h e  radar are t h a t  t h e  a r e a  t o  be mapped must l i e  w i th in  
t h e  main beam of t h e  antenna. Another r e s t r i c t i o n  i s  
imposed by computer memory l i m i t a t i o n ;  s i n e &  for l 'ahe 'number 
of d e l a y  and frequency samples must be on t h e  o rde r  of  
100 x 100. A t  t h e  p r e s e n t  r e s o l u t i o n s ,  t h i s  w i l l  r e s t r i c t  
t h e  mapping t o  an a r e a  somewhat smaller than  t h a t  
i l l u m i n a t e d  by t h e  main antenna beam; however t h i s  does 
n o t  appear  t o  be a s e v e r e  r e s t r i c t i o n .  
The t i m e  schedule  f o r  mapping t h e  v i s i b l e  l u n a r  
s u r f a c e  i s  based on (1) t h e  a v a i l a b i l i t y  and number 
o f  o p t i c a l  maps, ( 2 )  t h e  e s t i m a t e  of  o f f - l i n e  computer 
t i m e  r equ i r ed  t o  produce a map, and (3) t h e  t e l e s c o p e  
t i m e  r e q u i r e d ,  w i t h  t h e  r e s t r i c t i o n  t h a t  each 
mapped a r e a  l i e  w i t h i n  t h e  an tenna  beam. 
A. AvaiHabLe Lunar Maps 
The bes t  a v a i l a b l e  maps are  t h o s e  g iven  by t h e  LAC 
c h a r t s  (USACIC, 1964) and t h e  maps o f  S e r i e s  I of t h e  
Orthographic Lunar Atlas (Kuiper,  1963). Each of  t h e s e  
maps covers  areas t h a t  can be i l l u m i n a t e d  by t h e  main 
an tenna  beam. There are  about 20 LAC c h a r t s  and 21  
maps i n  t h e  Orthographic Lunar A t l a s  ( i n  some cases ,  
t h e  maps of t h e  Orthographic Lunar Atlas a r e  given as 
two smaller maps). 
P r i o r i t y  for mapping i s  given t o  t h e  e q u a t o r i a l  
r eg ions ,  because t h e s e  reg ions  a r e  o f  primary i n t e r e s t  
as first l and ing  s i t e s  on t h e  moon. However radar 
obse rva t ions  of nonequa to r i a l  r e g i o n s  are  a l s o  
impor tan t  f o r  c o r r e l a t i n g  radar obse rva t ions  w i t h  obse rva t ions  a t  
o p t i c a l  and i n f r a r e d  wavelengths (which a r e  a v a i l a b l e  
for both  e q u a t o r i a l  and nonequa to r i a l  a r e a  o f  t h e  moon). 
B. T i m e  Requirements f o r  Telescope and Data Reduction 
The mapping onto  t h e  LAC maps and t h e  maps of t h e  
Orthographic  Lunar A t l a s  Maps should y i e l d  about  40 maps 
i n  each p o l a r i z a t i o n  component, about 80 maps i n  a l l ,  
i n  s i x  months o f  observa t ion .  The moon can be observed 
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a t  A.I.O. f o r  about 2 1 /2  hours  f o r  1 2  days every  
4 weeks. During each 2 1/2 hours,  two areas on t h e  
moon can be observed. Thus,  t e l e s c o p e  t ime r equ i r ed  
i s  1 -2  days f o r  every  week t h a t  t h e  moon i s  observable .  
The t i m e  requirements f o r  o f f - l i n e  data r educ t ion  
i s  es t imated  t o  be 5 hours p e r  map; i . e . ,  20 hours  p e r  
week f o r  5 months. T h i s  requirement i s  more d i f f i c u l t  
t o  meet, but  i s  be ing  achieved. 
C .  P rogress  t o  Date 
A schedule  f o r  c a r r y i n g  o u t  t h e  mapping based on 
producing about  80 maps by 1 May 1967 i s  shown i n  
F igu re  7. The f i r s t  l i n e  o f  t h e  schedule  shows t h e  
t imes  t h a t  t h e  moon can be observed. So far, t h e r e  
have been 4 1/2 observa t ion  pe r iods ,  and t h e  moon has  
been observed 11 times w i t h  echoes obta ined  f o r  18 
d i f f e r e n t  beam p o s i t i o n s .  There appears  t o  be no 
d i f f i c u l t y  i n  ob ta in ingobse rva t ion  t ime t o  c o l l e c t  t h e  
data f o r  t h e  80 moon maps. 
The second l i n e  of  t h e  schedule  shows t h e  t ime 
a l l o t t e d  t o  computer programming, which has been 
s u c c e s s f u l .  The working programs are:  
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1. Moon Ephemeris '  Program: p r e d i c t s  t h e  de l ay ,  
f requency,  and an tenna  eo -o rd ina te s  of any se l enograph ic  
p o s i t i o n .  
2. Data- taking Program: r eco rds  t h e  samples of  
t h e  s i n e  and c o s i n e  components of  t h e  radar echo as a 
f u n c t i o n  of  echo delay.  
3. Tape-Edit Program: a l t e r s  t h e  f requency  of  
recorded s i n e  and cos ine  components, so t h a t  t h e  
s p e c i f i e d  se lenographic  p o s i t i o n  appears  a t  ze ro  
Doppler frequency. 
4.  S p e c t r a l  Analys is :  performs a s p e c t r a l  
a n a l y s i s  of t h e  radar echo u s i n g  t h e  Cooley-Tukey 
a l g o r  it hm. 
5. Mapping Program: t a k e s  t h e  data  on echo 
i n k e n s i t y ,  de lay ,  and Doppler s h i f t ,  normalizes  t h e  
echo, and maps i t  onto  se lenographic  eo-ord ina tes .  
When it was discovered  t h a t  t h e  s imula ted  b e a t i n g  of echo 
t o  z e r o  f requency  pe rmi t t ed  s p e c t r a l  a n a l y s i s  by t h e  
Cooley-Tukey a lgo r i thm,  i t  was decided t o  i n c o r p o r a t e  
t h i s  i n t o  t h e  s t anda rd  s e t  of a n a l y s i s  programs a t  
A. I .Q. ,even  though it  delayed t h e  schedule  about  a month. 
However, " t h e  ' u se  of - t h i s  a lpo r i thm should decrease 
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The hext  l i n e  of t he  schedule  i s  t h e  t ime 
a l l o t t e d  f o r  r o u t i n e  obse rva t ion  and data reduct ion .  
The r o u t i n e  obse rva t ions  s t a r t ed  on schedule  wi th  
obse rva t ions  i n  o p p o s i t e  p o l a r i z a t i o n s  dur ing  t h e  e a r l y  
p a r t  of  November. The beginning of  r o u t i n e  data 
r educ t ion ,  however, was delayed b y , t h e  computer 
programming. A t  p r e s e n t  we a r e  i n  t h e  f i n a l  s t a g e s  o f  
computer program debugging and t h e  i n i t i a l  s t a g e s  of  
data reduct ion .  Rout ine data r e d u c t i o n  should be under 
way i n  Janua ry  1967. This i s  a c r i t i c a l  p o i n t ,  s i n c e  
t h e  mapping program i s  l i m i t e d  by o f f - l i n e ,  pos t - run  
data reduct ion .  I f  r o u t i n e  data r e d u c t i o n  i s  n o t  s t a r t e d  
dur ing  Janua ry  of  1967, t hen  t h e  number of  maps w i l l  
b e  l e s s  t han  80. 
be  r e s t r i c t e d  t o  t h e  LAC c h a r t s .  On t h e  o t h e r  hand, 
t h e  use  of t h e  Cooley-Tukey a l g o r i t h  may reduce t h e  t ime 
r e q u i r e d  t o  produce a map t o  about  3 hours ,  i n  which 
c a s e ,  t h e r e  w i l l  be no d i f f i c u l t y  i n  producing t h e  
proposed 80 maps. There has  no t  been enough data 
r e d u c t i o n  f o r  a n  a c c u r a t e  e s t i m a t e  of t h e  t ime r e q u i r e d  
t o  produce a m a p ,  and it  i s  t h i s  t ime r e s t r i c t i o n  that, 
w i l l  determine t h e  number of  maps t h a t  can be produced. 
This  would mean t h a t  t h e  mapping w i l l  
F i n a l l y ,  t h e  l as t  l i n e  of t h e  t i m e  schedule  shows 
t h e  t ime a l l o t t e d  f o r  r e p o r t  w r i t i n g .  P r e p a r a t i o n  of  
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t h e  f i n a l  r e p o r t  w i l l  begin about 1 May 1967, a t  which 
t i m e  t h e  data r educ t ion  should be completed. 
D. Maps Produced t o  Date 
A r a d a r - s c a t t e r i n g  map o f  t h e  c r a t e r  Tycho and i t s  
envi rons  i s  shown i n  Figure 8. The contours  a r e  of 
cons t an t  normalized r e f l e c t i v i t y .  Selenographic  
p o s i t i o n  i s  given i n  t h e  u s u a l  d i r e c t i o n  c o s i n e s J  6 
and 7. The a r e a  of t h i s  map corresponds roughly t o  
t h a t  of Map D7a o f  t h e  Orthographic Lunar Atlas. The 
absence of  r e t u r n s  a t  t h e  edges of  t h e  map r e s u l t e d  
from a l i m i t a t i o n  of de lay  and frequency samples imposed 
by computer memory r e s t r i c t i o n s .  
A r a d a r - s c a t t e r i n g  map f o r  t h e  a r e a  of Map D2a o f  
t h e  Orthographic Lunar A t l a s  i s  shown i n  F igure  9. The 
mapped area i s  a maria showing many i s o l a t e d  peaks o f  
r e f l e c t e d  power. Most of  t h e s e  a r e  a s s o c i a t e d  w i t h  
i s o l a t e d  young c r a t e r s .  
The r a d a r - s c a t t e r i n g  maps of  F igu res  8 and 9 a r e  
p re sen ted  on ly  t o  demonstrate t h a t  t h e  computer programs 
l i s t e d  i n  Sec t ion  11-b a r e  working. The f i n a l  form 
o f  t h e  maps w i l l  be  g r e a t l y  modified,  w i t h  t h e  background 
g r i d  of  se lenographic  p o s i t i o n  probably  p re sen ted  as a 
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sca l ed  v e r s i o n  of  t h e  background g r i d  of  t h e  o p t i c a l  
map. Attempts a r e  underway t o  make u s e  o f  h a l f - t o n e  
techniques  i n s t e a d  of contour  p l o t t i n g .  
E. Progress  on 40 Mc/s Measurements 
The radar maps presented  demonstrate t h a t  t h e  l u n a r  
mapping program, t h e  primary o b j e c t i v e  of  t h i s  
obse rva t ion  program, i s  p rogres s ing  s a t i s f a c t o r i l y .  The 
secondary goa l  i s  t o  ob ta in  t h e  radar c r o s s  s e c t i o n  and 
s c a t t e r i n g  law of t h e  moon a t  40 Mc/s ( A  = 7.5 m ) .  The 
measurement of radar c ross  s e c t i o n  w i l l  u t i l i z e  t h e  
Lincoln C a l i b r a t i o n  Sphere (F rosse r ,  1965) which i s  
c u r r e n t l y  in o rb i t  An a c c u r a t e  measurement of  t h e  radar 
c r o s s  s e c t i o n  w i l l  he lp  e s t a b l i s h  i t s  dependence on 
wavelength. 
It has  no t  been p o s s i b l e  t o  make these  measurements 
because t h e  40 Mc/s t r a n s m i t t e r  i s  n o t  y e t  operable  
i n  t h e  pulsed  mode. Much e f f o r t  i s  be ing  made t o  achieve  
pu l sed  mode, and t h e  measurements w i l l  be made as soon 
’ as p o s s i b l e .  S ince  t h e  observa t ions  w i l l  t a k e  on ly  a few 
days and r e q u i r e  on ly  about a week of  p a r t - t i m e  o f f - l i n e  
data p rocess ing ,  t h e r e  should be no d i f f i c u l t y  i n  making 
t h e  measurements, once the  40 Mc/s system i s  operable .  
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111. PLANS FOR FUTURE WORK 
The p l a n s  f o r  fu8ure  work a t  40 Mc/s a r e  obvious 
from t h e  preceding  sec t ion .  
The  mapping s t u d i e s  a t  430 Mc/s a re  p r o g r e s s i n g  
wel l .  The e f f o r t  he re  w i l l  be t h e  e s t ab l i shmen t  of a 
r o u t i n e  data r educ t ion  program. Also,  t h e r e  i s  need 
f o r  a good d i s p l a y  technique as was d iscussed  i n  
S e c t i o n  11-B. 
The p o s s i b i l i t y  of  mapping a r e a s  tw ice  t h e  p r e s e n t  
r e s o l u t i o n  w i l l  be i n v e s t i g a t e d .  The number o f  t h e s e  
s p e c i a l  maps w i l l  of n e c e s s i t y  be l imi ted ,  because i t  
w i l l  t a k e  approximately twice t h e  t ime t o  map one-quarter  
o f  t h e  a rea .  
P re l imina ry  a t t empt s  w i l l  be made t o  c o r r e l a t e  t h e  
radar r e s u l t s  with t h e  r e s u l t s  of o p t i c a l  and i n f r a r e d  
o b s e r v a t i o n s  'of t h e  moon. 
IV. SUMMARY 
The c h a r a c t e r i s t i c s  o f  t h e  l u n a r  s u r f a c e  a t  r a d i o  
wavelengths a r e  be ing  s tud ied  a t  430 Mc/s ( A  = 70 em) 
and 40 Mc/s ( A  = 7.5 m )  a t  t h e  Arecibo Ionospher ic  
Observatory.  
i n  Table 1.) 
r e f l e c t i v i t y  of t h e  l u n a r  s u r f a c e  a t  430 Mc/s wi th  a 
r e s o l u t i o n  on t h e  luna r  s u r f a c e  of  5 - 10 km. A 
normalized r e f l e c t i v i t y  i s  mapped, s o  t h a t  a change i n  
r a d a r  r e f l e c t i v i t y  can be d i r e c t l y  r e l a t e d  t o  a l o c a l  
change i n  l u n a r  su r face .  By observing t h e  "expected" 
and "depolar ized"  components, i t  should be p o s s i b l e  t o  
e s t a b l i s h  whether t h i s  change i s  due t o  a change i n  t h e  
roughness,  wi th  t h e  roughness on a s c a l e  of  one meter.  
The mapping covers  t h e  a r e a s  shown on t h e  LAC c h a r t s  and 
t h e  map of S e r i e s  I of t h e  Orthographic Lunar A t l a s ,  
except  f o r  a reg ion  near  t h e  subea r th  p o i n t  t h a t  i s  
d i f f i c u l t  t o  r e s o l v e  by radar methods. It i s  hoped t h a t  
a s m a l l  number of  s p e c i a l  maps a t  tw ice  t h e  r e s o l u t i o n  
can  be produced. 
(The parameters  f o r  t h e s e  radars a r e  g iven  
The primary e f f o r t  i s  a mapping of  radar 
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TABLE 1 
Parameters f o r  40 Mc/s and 430 Mc/s Radars a t  A . I . O .  
Frequency 
Wavelength 
Antenna Gain 
(one-way a t  z e n i t h )  
Beamwidth (one-way, 
half-power)  
Maximum Transmi t t e r  
Power 
Antenna 
S i t e  L a t i t u d e  
40 .1  Mc/s 
7.5 meters  
37.5 db 
2.17 degrees  
2.5 Mw peak 
100 Kw average 
430 Mc/s 
.698 meters  
56 db 
0.17 degrees  
2.5 Mw peak 
150 Kw average 
10001 s p h e r i c a l  r e f l e c t o r  
w i t h  s t e e r a b l e  f e e d s  
18' 20' 46" N 
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